University of Mississippi

eGrove
Faculty and Student Publications

Chemistry and Biochemistry

2-1-2020

Enstatite (MgSiO3) and forsterite (Mg2SiO4) monomers and
dimers: Highly detectable infrared and radioastronomical
molecular building blocks
E. Michael Valencia
University of Mississippi

Charlie J. Worth
University of Mississippi

Ryan C. Fortenberry
University of Mississippi

Follow this and additional works at: https://egrove.olemiss.edu/chem_facpubs

Recommended Citation
Valencia, E. Michael, et al. “Enstatite (MgSiO3) and Forsterite (Mg2SiO4) Monomers and Dimers: Highly
Detectable Infrared and Radioastronomical Molecular Building Blocks.” Monthly Notices of the Royal
Astronomical Society, vol. 492, no. 1, Feb. 2020, pp. 276–82, doi:10.1093/mnras/stz3209.

This Article is brought to you for free and open access by the Chemistry and Biochemistry at eGrove. It has been
accepted for inclusion in Faculty and Student Publications by an authorized administrator of eGrove. For more
information, please contact egrove@olemiss.edu.

MNRAS 492, 276–282 (2020)

doi:10.1093/mnras/stz3209

Advance Access publication 2019 November 28

Enstatite (MgSiO3 ) and forsterite (Mg2 SiO4 ) monomers and dimers:
highly detectable infrared and radioastronomical molecular building
blocks
E. Michael Valencia, Charlie J. Worth and Ryan C. Fortenberry

‹

Department of Chemistry and Biochemistry, University of Mississippi, University, MS 38677-1848, USA

Accepted 2019 November 11. Received 2019 November 11; in original form 2019 October 4

Isolated MgSiO3 and Mg2 SiO4 molecules are shown here to exhibit bright infrared (IR)
features that fall close to unattributed astronomical lines observed toward objects known to
possess crystalline enstatite and forsterite, minerals of the same respective empirical formulae.
These molecules are therefore tantalizing candidates for explaining the origin of such features.
Furthermore, the C2v monomer minima of each formula set have dipole moments on the order
of 10.0 D or larger making them desirable candidates for radioastronomical observation as
enabled through rotational spectroscopic data further provided in this high-level CCSD(T)F12/cc-pVTZ-F12 quantum chemical study. Astrophysical detection of these molecules could
inform the build-up pathways for creating nanocrystals from small molecules in protoplanetary
discs or could show the opposite in explaining the destruction of enstatite and forsterite minerals
in supernovae events or other high-energy stellar processes. This work also shows that the
lowest energy isomers for molecules containing the geologically necessary elements Mg and
Si have oxygen bonded between any of the other heavier elements making oxygen the glue
for pre-mineralogic chemistry.
Key words: astrochemistry – molecular
infrared: ISM – radio lines: ISM.

1 I N T RO D U C T I O N
Since all the atoms in the Universe heavier than lithium were
necessarily formed through stellar nucleosynthesis or some type
of post-stellar event (i.e. supernovae or neutron star collision),
minerals had to originate first as small molecules before becoming
nanocrystals and ultimately arriving at rocky structures.
Small molecules composed of the same atomic ratios as empirical
formulae for crystalline minerals have been shown to exhibit large
intensities and longer wavelengths in their infrared (IR) spectra
compared to more commonly examined volatile species (Kloska &
Fortenberry 2018; Palmer & Fortenberry 2018). These molecules
also have strongly varying IR peak positions producing very tall,
isolated, far-IR spectral features. These properties align quite
closely with the requirements for portions of known stellar spectra
like that from the Butterfly Nebula (NGC 6302) where crystalline
enstatite and forsterite have already been observed (Molster et al.
2001). Hence, the MgSiO3 and Mg2 SiO4 molecules, monomers
for two of the most common minerals, may be detectable in such
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astrophysical regions and would provide insights into the formation
and destruction of dust particles or even rocky bodies.
The most common mineral in the Earth’s mantle is olivine
(Yaroshevsky & Bulakh 1994) with the magnesium-rich forsterite
(Mg2 SiO4 ) end-member as the largest contributor (Jäger et al.
1998). Forsterite and its MgO-cleaved enstatite (MgSiO3 ) cousin are
among the most common minerals in rocky bodies within the Solar
system (Yaroshevsky & Bulakh 1994). They are also major energy
sinks in the quartz–periclase–corundum–water mineral network that
drives much of the chemistry and geology in the upper layers of the
Earth (Roy & Roy 1955).
These minerals likely form originally as interstellar dust grains
(Jäger et al. 1998; Gail & Sedlmayr 1999; Kimura & Nuth 2009;
Speck, Whittington & Hofmeister 2011; Karki 2015; Mauney &
Lazzati 2018; Zamirri et al. 2019) before coalescing into larger
structures and crystals within stellar atmospheres and protoplanetary discs as observations and laboratory/theoretical investigations
support (Molster et al. 2001; Poteet et al. 2011; de Vries et al. 2012;
Gobrecht et al. 2016; Komatsu et al. 2018). These minerals and
small molecules containing Mg, Si, and O have also been seen in
the ejecta of supernovae (Cherchneff & Dwek 2010) and swirling
in the atmospheres of both Mercury and Mars (Killen et al. 2010;
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MgSiO3 and Mg2 SiO4

Figure 1. Visual depiction of the MgSiO3 isomer.

the newest generation of observatories, especially the upcoming the
James Webb Space Telescope.

2 C O M P U TAT I O N A L D E TA I L S
All computations make use of the MOLPRO 2015.1 quantum chemical program (Hill & Peterson 2010; Werner et al. 2012, 2015). The
only exceptions are the DFT computations and the MP2/6-31+G(d)
double-harmonic IR intensities that make use of the GAUSSIAN16
program (Møller & Plesset 1934; Hehre, Ditchfeld & Pople 1972;
Frisch et al. 2016). The latter intensity computations have been
shown to produce semi-quantitative agreement with higher level
theory for heavy reductions in computational time (Yu et al. 2015;
Finney et al. 2016).
2.1 Anharmonic spectra
The most accurate fundamental vibrational frequencies and rotational constants computed for the least amount of computational
time come from quartic force fields (QFFs), fourth-order Taylor
series expansions of the potential portion within the internuclear
Watson Hamiltonian (Fortenberry & Lee 2019). These are computed
via geometry optimizations to define the reference geometry and
1613 single-point energies for displacements of 0.005 Å and
0.005 rad of this geometry in terms of the symmetry-internal
coordinate system as defined from a Lazy Cartesian algorithm
(Thackston & Fortenberry 2018). For MgSiO3 , these coordinates
are defined from Fig. 1 as follows:
S1 = r(Si − Mg),

(1)

S2 = r(Si = Oa ),

(2)

1
S3 = √ (r(Si − Ob ) + r(Si − Oc )),
2
1
S4 = √ (∠(Oa −Si − Ob ) + ∠(Oa −Si − Oc )),
2
1
S5 = √ (r(Si − Ob ) − r(Si − Oc )),
2
1
S6 = √ (∠(Mg − Ob −Si) − ∠(−Mg − Oc Si)),
2
1
S7 = √ (∠(Oa −Si − Ob ) − ∠(Oa −Si − Oc )),
2

(3)
(4)
(5)
(6)
(7)
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Plane et al. 2018). Hence, small molecules of the same empirical
formulae as the larger crystalline minerals may help to show how
dust forms in planetary nurseries or whether rocky bodies may have
been present before a stellar death.
Recent work supports the idea that enstatite mineral crystals
initially form amorphously (Mauney & Lazzati 2018), and the
IR signatures of nanocrystals or amorphous clusters of the same
number and type of atoms have notable differences enabling their
unique detection between the phases in these pseudo-macroscopic
particles (Zamirri et al. 2019). More fundamental than any clusters,
however, are monomer and dimer molecules of the simple chemical
formulae. Previous density functional theory (DFT) computations
on (MgSiO3 )N and (Mg2 SiO4 )N have provided structural determination as to the minimum energy structures for various N levels
guiding how these molecular clusters nucleate and grow (Patzer
et al. 2002; Mauney & Lazzati 2018; Macià Escatllar et al. 2019).
However, in situ, observable evidence for these processes must be
obtained in order to verify the validity of such theoretical processes,
and rotational (and some vibrational) spectroscopy has long been
the work horse for molecular detections in various astronomical
environments (McCarthy & Thaddeus 2001; Fortenberry 2017;
McGuire 2018).
Laboratory gas-phase synthesis and spectral characterization
with high levels of certainty for molecules such as the MgSiO3
and Mg2 SiO4 monomers can be exceeding difficult. Quantum
chemistry, on the other hand, begins with the molecular structure
as input for the ‘experiment’ and can be utilized to produce
unambiguous molecular spectra. Granted, the problem with the
latter method is with regards to accuracy. However, state-of-the-art
quantum chemical approaches have been able to produce vibrational
frequencies to within 1.0 cm−1 and rotational constants to within
15 MHz of gas-phase experiment in many cases (Huang & Lee 2008,
2009; Huang, Taylor & Lee 2011; Fortenberry et al. 2012, 2014;
Huang, Fortenberry & Lee 2013; Zhao, Doney & Linnartz 2014;
Fortenberry, Lee & Müller 2015; Kitchens & Fortenberry 2016;
Bizzocchi et al. 2017; Fortenberry 2017). Recent work has pushed
less expensive but more recently developed quantum chemical
methods to providing vibrational frequencies to within 7.0 cm−1 of
higher level theory but for orders of magnitude less computational
time (Huang, Valeev & Lee 2010; Agbaglo & Fortenberry 2019a,b;
Agbaglo et al. 2019).
This approach has already produced vibrational frequencies for
the monomer, dimer, and trimer of magnesium oxide/periclase/MgO
with notable accuracies compared to experiment benchmarked
for the monomer (Kloska & Fortenberry 2018). Similar work
has also been done for the monomer and dimer of magnesium
fluoride/sellaite/MgF2 (Palmer & Fortenberry 2018). Both of these
studies show that these relatively small species may have large
dipole moments and IR intensities when allowed by symmetry.
For instance, the antisymmetric stretch of the MgF2 monomer has
an intensity 2.5 times that of the ‘bright’ antisymmetric stretch
in water (Palmer & Fortenberry 2018), while the vibration in the
MgO monomer is 15 times that of this same water motion (Kloska
& Fortenberry 2018). These large dipoles or induced dipoles
are brought about simply due to the extreme electronegativity
differences between elements on opposite sides of the periodic table.
Additionally, most of the frequencies are towards, if not in, the farIR due to the higher masses of the atoms involved. Consequently,
this work will employ these proven quantum chemical techniques in
order to provide IR and millimetre-wave spectral data for MgSiO3
and Mg2 SiO4 so that these molecules may possibly be observed with
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S8 = LIN(Mg − Si − Oa ),

(8)

S9 = τ (Ob −Si − Oa −Oc ),

(9)

2.2 Relative energies
In order to point future work towards the processes of building clusters with these empirical formulae, relative energies are
computed between found minima for the monomers and dimers
of MgSiO3 and Mg2 SiO4 . The correlation consistent composite
approach (ccCA) developed by DeYonker, Cundari & Wilson (2006)
has been shown to produce coupled cluster level accuracy for a
significant reduction in computational time. In brief, B3LYP/ccpVTZ geometry optimizations (Yang, Parr & Lee 1986; Lee, Yang
& Parr 1988; Kendall, Dunning & Harrison 1992; Becke 1993;
Peterson & Dunning 1995; Dunning, Peterson & Wilson 2001) are
utilized to compute MP2 complete basis set (CBS) extrapolations
MNRAS 492, 276–282 (2020)

Isomer

B
D
E
F
G

a The

MgSiO3
B3LYP

3.67
25.81
42.23
0.00
51.69

ccCA

3.35
36.14
45.98
0.00
66.45

Mg2 SiO4
B3LYP

ccCA-TZa

Monomers
A (D2d )
B (Cs )
C (C2v )

15.36
61.74
0.00

12.31 (10.31)
61.11 (66.08)
0.00 (0.00)

Dimers
B
C2
D
E2
F
G
H
I

45.43
49.62
33.02
131.75
73.97
0.00
124.59
0.30

Isomer

51.02
53.48
32.86
55.13
65.36
0.00
122.15
31.94

monomer values in parentheses are for the full ccCA for comparison.

with cc-pVDZ, cc-pVTZ, and cc-pVQZ bases. All computations
make use of the tight d, cc-pV(X + d)Z, basis sets for silicon and
magnesium.
Then, corrections for higher order electron correlation
[CCSD(T)/cc-pVTZ − MP2/cc-pVTZ], scalar relativity (Douglas
& Kroll 1974) [MP2/cc-VTZ-DK − MP2/cc-pVTZ], core electron correlation [MP2/aug-cc-pCVTZ − MP2/aug-cc-pVTZ], and
scaled B3LYP/cc-pVTZ zero-point vibrational energy (ZPVE) are
added to the CBS energies. Some of the MP2/aug-cc-pVQZ singlepoint energies for the Mg2 SiO4 dimers are also too computationally
costly so the CBS terms there are replaced simply with MP2/augcc-pVTZ giving the ccCA-TZ notation.
3 R E S U LT S A N D D I S C U S S I O N
3.1 Isomeric stabilities
The most stable isomers for either the enstatite or forsterite families
all have one thing in common: a bonding motif where oxygen
separates the third-row atoms, and there are no third-row−thirdrow or oxygen−oxygen bonds. Such behaviour could be likened
to bricks and mortar where the third-row atoms are the former and
oxygen is the latter and is likely the result of hard acid–hard base
interactions. In other words, oxygen holds the structure together in
the most stable configuration. Silicon oxides have been shown to
exhibit such behaviour (Wang et al. 1997), but this oxygen bonding
motif may be more universal in inorganic and pre-mineralogic
chemistry than previously reported.
Previous DFT work on the isomers of the MgSiO3 monomer
showed conclusively that the C2v isomer given in Fig. 1 is the
most stable form lying 39.46 kcal mol−1 below the next closest
isomer that is a ring-opened Cs form (Patzer et al. 2002). This
is corroborated by contemporary DFT studies that agree that this
molecule isomer is the most energetically favoured for MgSiO3
(Macià Escatllar et al. 2019). Simply attaching an MgO monomer
to a quartz (SiO2 ) monomer produces this isomer in a strongly
favoured fashion. Hence, other possible isomers will not be explored
presently.
For the dimers of MgSiO3 , the minimum energy structure found
here for both B3LYP/cc-pVTZ and full ccCA (F from Table 1 and
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where ‘LIN’ represents a linear bending angle directly out-of-theplane of the molecule. All QFF computations and the dipole moment
determinations make use of coupled cluster theory at the singles,
doubles, and perturbative triples level (Raghavachari et al. 1989)
within the F12 explicitly correlated construction (Adler, Knizia &
Werner 2007; Knizia, Adler & Werner 2009) along with the F12
triple-zeta basis set (Huang et al. 2010) referred to as the CCSD(T)F12/cc-pVTZ-F12 level of theory abbreviated as F12-TZ in this
work.
After the F12-TZ energies are computed at each point, the QFF
function is fit via a least-squares procedure with a sum of squared
residuals on the order of 10−13 a.u.2 A refit of the surface produces
the equilibrium geometry and the final force constants (given in the
Supplementary Information). The force constants are transformed
into Cartesian coordinates in the INTDER program (Allen et al.
2005) so that second-order rotational (Mills 1972) and vibrational
perturbation theory (VPT2; Watson 1977; Papousek & Aliev 1982)
can be utilized within the SPECTRO program (Gaw et al. 1991).
Resonances are included in the rovibrational computations in order
to increase accuracy of the anharmonically predicted spectral values
(Martin et al. 1995; Martin & Taylor 1997). MgSiO3 exhibits 2ν 6
= 2ν 7 = ν 3 and ν 6 + ν 3 = ν 8 + ν 2 = ν 1 Fermi resonance polyads;
a 2ν 9 = ν 6 type-1 Fermi resonance; and ν 8 + ν 6 = ν 5 and ν 9 + ν 7
= ν 4 type-2 Fermi resonances. Furthermore, there are five Coriolis
resonances: ν 9 /ν 8 , ν 8 /ν 7 , and ν 7 /ν 5 A-type and ν 6 /ν 5 and ν 4 /ν 2
C-type resonances.
The IR features of the Mg2 SiO4 structures could not be computed
in the same manner due to computational costs even with the
savings from F12-TZ. All atoms involved are heavy atoms, and each
additional increase grows the number of points required in the QFF
geometrically and the cost of each single-point energy exponentially. However, the anharmonic shifts for such heavy atoms (Finney
et al. 2016), especially the Mg and Si atoms, are relatively small,
typically less than 10 cm−1 . The anharmonic correction is therefore
within the errors for the F12-TZ frequencies anyway indicating
that the harmonic frequencies could be good estimates in-and-ofthemselves. In order to further refine the Mg2 SiO4 frequencies, the
scaling factor from the MgSiO3 anharmonic corrections is employed
for the larger molecules. All modes of MgSiO3 higher than 500 cm−1
had anharmonic shifts of 98.45 per cent on the average, while those
lower than 500 cm−1 had average shifts of 99.42 per cent. Hence,
these scaling factors will be applied to the Mg2 SiO4 isomers where
the frequencies fall within these ranges.

Table 1. B3LYP/cc-pVTZ and ccCA relative energies (in kcal mol−1 ) for
the dimers of MgSiO3 and Mg2 SiO4 and monomers of Mg2 SiO4 . Isomers
are defined in Fig. 2.

MgSiO3 and Mg2 SiO4
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Table 2. CCSD(T)-F12/cc-pVTZ-F12 equilibrium and vibrationally averaged structural data and rotational spectroscopic constants for MgSiO3 and
the three isotopes of Mg.

Figure 2. The MgSiO3 dimer, Mg2 SiO4 monomer, and Mg2 SiO4 dimer
isomers (Si = silver, Mg = green, and O = red).

Fig. 2) closely resembles the minimum energy geometry from Macià
Escatllar et al. (2019) indicating that both studies are in agreement
as to the global minimum. Presently, the dimer is notably more
stable than the monomer with 154.22 kcal mol−1 of energy released
upon dimerization. The creation of this dimer can be thought of as
two monomers brought together in a slipped-stacked fashion. This
work also shows that another low-lying isomer is also present, B
from Fig. 2. This isomer is closely related to the lower energy F
isomer, but the B isomer has the magnesium atoms both pointing
in the same direction. In F, they are ‘trans’ or opposite one another.
Granted, 3.35 kcal mol−1 (0.145 eV) from Table 1 is an uphill climb,
but in regions like supernova remnants or stellar atmospheres where
magnesium silicates have already been observed, the conditions of
these regions are such that this isomer could be easily accessed in the
destruction or formation of larger enstatite clusters or nanocrystals.
Additionally, the four-coordinate silicon in both isomers is like the
four-coordinate silicon for the crystal structure in the larger bulk
(Hazen 1976). The Si=O motif in the monomer is not preferred in
the dimer and likely larger clusters. Both results imply a preference
for the four-coordinate silicon over the three-coordinate. The other
three isomers are likely too high in energy to contribute, but the
B3LYP/cc-pVTZ and full ccCA results agree semi-quantitatively
and produce the same energy ordering of the isomers.
The Mg2 SiO4 monomer isomers have not been explored previously save for reporting on the lowest energy structure (Macià
Escatllar et al. 2019). B3LYP/cc-pVTZ, ccCA, and ccCA-TZ all
confirm that the C2v structure (Figs 3 and 2C) is the energy
minimum. However, here a D2d isomer (Fig. 2A) is shown to lie
10.31 kcal mol−1 (0.447 eV) above this. While higher in energy,
this D2d isomer makes the silicon atom four-coordinate, again more
closely in line with the larger crystal structure and without the
exterior Si=O bonding present. Consequently, this isomer is also

re (Si=Oa )
re (Si−Ob )
re (Mg−Si)
<e (Oa −Si−Ob )
<e (Mg−Ob −Si)
Ae
Be
Ce
J
K
JK
δJ
δK
J
K
JK
KJ
φj
φ jk
φk
μ
r0 (Si=Oa )
r0 (Si−Ob )
r0 (Mg−Si)
<0 (Oa −Si−Ob )
<0 (Mg−Ob −Si)
A0
B0
C0

Units

24 MgSiO
3

25 MgSiO
3

26 MgSiO
3

Å
Å
Å

1.51964
1.63575
2.42998
129.887
87.621
10028.4
3005.9
2312.7
0.283
8.096
0.793
0.074
1.238
0.049
27.024
1.483
−10.268
0.024
0.894
15.289
12.78

–
–
–
–
–
10028.4
2952.3
2280.8
0.275
8.154
0.743
0.072
1.204
0.047
26.741
1.370
−9.829
0.023
0.834
14.948
–

–
–
–
–
–
10028.4
2901.8
2250.6
0.268
8.207
0.697
0.069
1.173
0.045
26.482
1.269
−9.508
0.021
0.780
14.630
–

1.52086
1.64025
2.43596
129.883
87.588
9980.4
2996.0
2303.1

1.52084
1.64024
2.43593
129.882
87.588
9980.3
2942.6
2271.5

1.52082
1.64024
2.43591
129.882
87.588
9980.3
2892.3
2241.4

◦
◦

MHz
MHz
MHz
kHz
kHz
kHz
kHz
kHz
mHz
mHz
mHz
mHz
mHz
mHz
mHz
D
Å
Å
Å
◦
◦

MHz
MHz
MHz

likely present in regions where the lowest energy C2v isomer is
present, as well. Additionally, the ccCA and ccCA-TZ variants
report similar relative energies indicating that when the full CBS
computations are not available, cc-pVTZ will suffice for computing
semi-quantitative relative energies and isomer energy ordering.
There are no isomers of the Mg2 SiO4 dimer that energetically
compete with the lowest energy isomer (G). While B3LYP indicates
that the I isomer is nearly degenerate, ccCA-TZ increases the
relative energy notably. The G isomer is a cage structure matching
that from Macià Escatllar et al. (2019), again, with all thirdrow atoms coordinating purely to oxygen atoms. The next lowest
energy isomers, I and D, also follow this pattern and are roughly
32 kcal mol−1 each above the G. The much higher E2 and H isomers
MNRAS 492, 276–282 (2020)
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Figure 3. Visual depiction and atom labels of the Mg2 SiO4 lowest energy
C2v isomer.
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Table 3. CCSD(T)-F12/cc-pVTZ-F12 equilibrium
structural data and rotational spectroscopic constants for
the lowest energy C2v isomer of Mg2 SiO4 .

re (Si=Oa )
re (Si−Ob )
re (Si−Od )
re (Mg−Si)
<e (Oa −Si−Ob )
<e (Mg−Ob −Si)
<e (Mg−Od −Mg)
Ae
Be
Ce
μ

Units

Mg2 SiO4

3.2 Rotational spectra and structures of MgSiO3 and Mg2 SiO4

Å
Å
Å
Å

1.524
1.609
3.893
3.095
124.557
127.487
102.325
3308.5
1309.6
938.2
9.71

The MgSiO3 monomer should be easily detectable if it exists in
protoplanetary discs or supernova remnants. It has a monstrous
12.78 D dipole moment and is near-prolate. The MP2/6-31+G(d)
Mulliken charges have both Mg and Si with more than a single
positive charge, and all of the oxygen atoms with nearly a single
negative charge each. Consequently, low column densities of this
material should not limit the observation of this molecule. The 100K
pure rotational spectrum computed from the CCSD(T)-F12/ccpVTZ-F12 QFF spectroscopic constants reported in Table 2 is given
in Fig. 4 for reference. The anharmonic corrections to the rotational
constants are within the accuracy of the method and shift the B
and C constants by less than 10 MHz. The Si=Oa bond length at
1.52086 Å in Table 3 is more than 0.1 Å longer than the Si−Ob bond
length indicating some level of a higher bond order in the former as
a Lewis structure would imply.
The lowest energy C2v Mg2 SiO4 isomer also has an incredibly
large CCSD(T)-F12/cc-pVTZ-F12 dipole moment of 9.71 D as
reported in Table 3. The QFF computations could not be implemented for C2v Mg2 SiO4 , but the equilibrium rotational constants
should be very good estimates for their physical values. The heavier
mass of this molecule will push the rotational spectrum to shorter
frequencies, but, again, the large dipole moment may also make this
molecule observable even if it possesses low column densities. The
Si−O bond lengths are comparable between this forsterite monomer
and the previously discussed MgSiO3 monomer with the symmetric
Si−Ob lengths shortening slightly in the heavier form from 1.636 to
1.609 Å. The D2d Mg2 SiO4 isomer has no permanent dipole moment
by symmetry, is clearly an oblate top by the A > B = C rotational

◦
◦
◦

MHz
MHz
MHz
D

Table 4. CCSD(T)-F12/cc-pVTZ-F12 equilibrium
structural data and rotational spectroscopic constants for
the D2d isomer of Mg2 SiO4 .

re (Si−O)
re (Mg−Si)
<e (O−Si−O)
<e (O−Si−O)
<e (Mg−O−Si)
Ae
Be
Ce

MNRAS 492, 276–282 (2020)

have O−O bonds present in their structures. In any case, observations of the Mg2 SiO4 dimer are most likely to be for the G isomer.

Units

Mg2 SiO4

Å
Å

1.664
3.095
99.636
114.602
86.696
4888.9
1248.3
1248.3

◦
◦
◦

MHz
MHz
MHz
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Figure 4. The pure rotational spectrum of MgSiO3 at 100K.

MgSiO3 and Mg2 SiO4
Table 5. CCSD(T)-F12/cc-pVTZ-F12 harmonic and anharmonic (QFF and
scaleda ) vibrational frequencies (in cm−1 ) for monomers of 24 MgSiO3 and
24 Mg SiO (C and D ) with intensities in parentheses (in km mol−1 ).
2
4
2v
2h
MgSiO3

Mg2 SiO4
C2v

ZPVE
ν1
ν2
ν3
ν4
ν5
ν6
ν7
ν8
ν9
ν 10
ν 11
ν 12
ν 13
ν 14
ν 15

a1
b2
a1
a1
b2
a1
b1
b2
b1

1278.6 (211)
872.7 (297)
824.7 (84)
710.1 (142)
618.1 (32)
483.2 (22)
431.6 (99)
310.0 (5)
165.4 (14)

a1
b2
a1
a1
b2
a1
b1
b2
b1

2837.3
1261.8
858.8
812.0
700.3
608.2
479.9
428.7
308.2
164.7

a1
b2
a1
b2
a1
b2
a1
b1
a1
b2
a1
b1
a2
b2
b1

1258.5 (315)
1017.6 (320)
943.9 (231)
782.7 (174)
687.8 (117)
621.1 (1)
550.8 (18)
421.2 (100)
399.9 (7)
298.0 (52)
272.0 (28)
230.9 (117)
139.2
112.8 (57)
69.3 (5)

a1
b2
a1
b2
a1
b2
a1
b1
a1
b2
a1
b1
a2
b2
b1

3844.0
1239.0
1001.8
929.2
770.6
677.1
611.4
542.2
414.7
397.5
296.3
270.4
229.6
138.4
112.1
68.9

b2
e
a1
b2
a1
e
b2
e
a1
b1
e

b2
e
a1
b2
a1
e
b2
e
a1
b1
e

940.5 (639)
803.7 (298)
765.1
729.5 (170)
723.8
642.3 (13)
566.5 (181)
401.1 (15)
355.8
241.4
118.6 (85)

4064.8
925.9
791.2
753.3
718.2
712.5
632.3
563.2
398.8
353.7
240.0
117.9

a

The MgSiO3 values are fully computed QFFs. The Mg2 SiO4 are scaled based
on the MgSiO3 average corrections of 98.55 and 99.42 per cent.

constant relationship given in Table 4, and the four equivalent
Si−O bond lengths all lengthen to 1.664 Å that is, again, closer to
crystalline behaviour (1.649 Å) at 77 K and 1 atm (Hazen 1976).
3.3 Vibrational spectral considerations
All three molecules analysed in this work exhibit exceptionally
bright IR transitions. The brightest is the D2d Mg2 SiO4 isomer’s
ν 1 (b2 ) antisymmetric Si−Mg stretch where the silicon atom is
shuttling between the two magnesium atoms. The benchmark for
the antisymmetric stretch of water is right at 70 km mol−1 , and
this fundamental motion is reported here to be nearly 10 times that
at 639 km mol−1 as given in Table 5. The anharmonic frequency
of this motion at 925.9 cm−1 (10.80 μm) falls in a region that is
little populated by likely polycyclic aromatic hydrocarbon (PAH)
frequencies (Molster et al. 2001; McGuire et al. 2018).
Table 5 also contains all of the harmonic and anharmonic
vibrational data computed here. Most notably, MgSiO3 ’s ν 2 and
ν 1 at 1261.8 cm−1 (7.93 μm) and 858.8 cm−1 (11.64 μm) also
have intensities above 200 km mol−1 . The Mg2 SiO4 C2v isomer’s
ν 1 through ν 3 and D2d ν 2 fundamentals all have intensities above
200 km mol−1 . These are present in the 12.60–7.93 μm range.
Nearly all of the fundamentals for these three molecules that have
symmetry-allowed intensities are in what most chemists consider
the ‘bright’ range. The intensities are lower for lower frequencies
and longer wavelengths on the whole, but Mg2 SiO4 isomers each

have far-IR frequencies with intensities above 85 km mol−1 . For
instance, the lower energy D2d isomer has a 100 km mol−1 ν 9
(b1 ) fundamental vibrational frequency at 414.7 cm−1 (24.11 μm)
approaching the THz range.
The largest anharmonicity present in MgSiO3 is in the ν 1 (a1 )
Si=Oa stretch as would be expected for the highest frequency mode.
The total average anharmonicity reduces the harmonic frequencies
by 98.49 per cent. However, the modes above 500 cm−1 differ from
those below 500 cm−1 . Those above are 98.45 per cent, while those
below are 99.42 per cent. Furthermore, 0.58 per cent reduction
below 500 cm−1 is less than 3.0 cm−1 within the expected accuracy
for the F12-TZ method utilized here. Hence, the lower frequency
fundamentals are nearly unaffected by anharmonic corrections
that take significantly longer to compute than scaled harmonics.
Additionally, the included Fermi resonances refine the anharmonic
frequencies in MgSiO3 by less than 1.0 cm−1 . As a result, high level,
costly computations can be utilized for computing the harmonic
frequencies of these molecules. The given scaled data for the
larger Mg2 SiO4 isomers are likely in error compared to the full
QFF results by less than 0.01 per cent. Furthermore, the largest
correction excluded here in the QFF results are the core–electron
correlation effects, but these typically only influence stretches with
bond orders above one. Granted, the Si=Oa stretches may be in
error, but, again, this should be less than an average of 7.0 cm−1
(Agbaglo & Fortenberry 2019b). The vibrational frequencies for
25
MgSiO3 and 26 MgSiO3 are given in Table S1 of the Supplementary
Information.

4 A S T RO P H Y S I C A L I M P L I C AT I O N S A N D
CONCLUSIONS
The ‘uncertain area of the spectrum’ for NGC 6302 where crystalline enstatite and forsterite have been observed (Molster et al.
2001) is ripe for the consideration of these small, magnesium
silicates. Their brightest features fall in the 8.0–18.0 μm range.
The computed IR features for the four highest frequency/shortest
wavelength fundamentals of MgSiO3 lie in ranges where there
are unattributed peaks in astronomical IR spectra. While C-rich
particles and O-rich crystalline solids have been observed in these
areas, the shapes of these other narrow features more closely
match the behaviour of small molecules rather than networked
solids like polycyclic aromatic hydrocarbons, dust, or ice. The
spectral behaviour is further continued with D2d and C2v Mg2 SiO4 .
The brightest peak of those computed herein is for D2d Mg2 SiO4
at 10.80 μm close to notable peaks reported for NGC 6302
(Molster et al. 2001). Additionally, the 929.9 cm−1 (10.76 μm)
and 414.7 cm−1 (24.11 μm) features of C2v Mg2 SiO4 are enticingly
close to other observed features giving at least a striking coincidence
for astronomical correlation.
Additionally, the C2v MgSiO3 and Mg2 SiO4 monomers have
enormous dipole moments making them attractive targets for
radioastronomical observation from the ground. Furthermore, radio
detection for any of these monomers would then imply that their
spectral features should appear in the IR, as well, giving better
estimates for column densities and chemical reaction pathways.
Neither the rotational constants nor the vibrational frequencies
provided herein are grossly affected by anharmonic corrections,
and the CCSD(T)-F12/cc-pVTZ-F12 level of theory has already
been shown to provide exceptionally accurate quantum chemical
descriptions of molecular behaviour. Consequently, the presently
computed vibrational and rotational spectral data should be reliable
for laboratory comparison if not astronomical observation.
MNRAS 492, 276–282 (2020)
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Finally, the most stable structures of the monomers and dimers
show that oxygen is crucial for molecular build-up of inorganic
species. Oxygen is the central atom that holds most geochemically
relevant molecules together. Dozens of isomers not reported in
the presented tables were attempted in this work, and if they
contained O−O or third-row−third-row bonds, such species either
would dissociate or isomerize into a third-row−O bonding motif.
Occasionally, some would optimize, but these are so high in energy
that they did not warrant further exploration.
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Macià Escatllar A., Lazaukas T., Woodley S. M., Bromley S. T., 2019, ACS
Earth Space Chem., 3, 2390
Martin J. M. L., Taylor P. R., 1997, Spectrochim. Acta A: Mol. Biomol.
Spectrosc., 53, 1039
Martin J. M. L., Lee T. J., Taylor P. R., François J.-P., 1995, J. Chem. Phys.,
103, 2589
Mauney C. M., Lazzati D., 2018, Mol. Astrophys., 12, 1
Mills I. M., 1972, in Rao K. N., Mathews C. W., eds, Molecular Spectroscopy
– Modern Research. Academic Press, New York, p. 115
Møller C., Plesset M. S., 1934, Phys. Rev., 46, 618
Molster F. J. et al., 2001, A&A, 372, 165
Palmer C. Z., Fortenberry R. C., 2018, J. Phys. Chem. A, 122, 7079
Papousek D., Aliev M. R., 1982, Molecular Vibration-Rotation Spectra.
Elsevier, Amsterdam
Patzer A. B. C., Chang C., John M., Bolick U., Sülzle D., 2002, Chem. Phys.
Lett., 363, 145
Peterson K. A., Dunning T. H., 1995, J. Chem. Phys., 102, 2032
Plane J. M. C., Carrillo-Sanchez J. D., Mangan T. P., Crismani M. M. J.,
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